Abstract Beta vulgaris L. accumulates a large amount of glycinebetaine (betaine), a metabolite that is related to salttolerance. Production of betaine involves expression of many genes that encode enzymes such as betaine aldehyde dehydrogenase, choline monooxygenase, phosphoethanolamine N-methyltransferase, S-adenosyl-L-methionine synthetase, S-adenosyl-L-homocysteine hydrolase, and methionine synthase. We examined transcriptional regulation of the betainerelated genes in leaf beet (Beta vulgaris L. var cicla, cv. shirogukifudanna). Transcript expression of these betaine-related genes in leaf tissue had the following common features: (1) a similar pattern of transcript induction under salt stress, (2) reduced induction under salt stress in a dark condition, and (3) diurnal rhythms of transcript levels under a photoperiod of 16 h light/8 h darkness. The co-regulation of transcripts may contribute to the effective betaine production without disturbing the biosynthesis of other products in leaf beet.
Many chenopods, including Beta vulgaris L., accumulate a large amount of glycinebetaine (betaine), and this metabolite is considered to have various protective effects on plant cells under stress conditions (Storey et al. 1977; Hanson and Wyse 1982; Sakamoto and Murata 2002) . In chenopods, betaine is synthesized from choline by the action of choline monooxygenase (CMO) and betaine aldehyde dehydrogenase (BADH) (Hanson and Hitz 1982; Sakamoto and Murata 2002) . The choline precursor, phosphocholine, is synthesized from phosphoethanolamine by the action of phosphoethanolamine N-methyltransferase (PEAMT) that catalyzes successive S-adenosyl-L-methionine (SAM)-dependent N-methylations of phosphoethanolamine (Smith et al. 2000) . In tobacco, phosphoethanolamine is derived from ethanolamine, which is mainly produced by serine decarboxylase (SDC) activity (Rontein et al. 2003) . A tracer experiment showed that in spinach leaves most of the ethanolamine and choline are metabolized to betaine (Coughlan and Wyn Jones 1982) .
Following transmethylation, SAM is regenerated via S-adenosyl-L-homocysteine (SAH), homocysteine, and methionine by the activities of SAH hydrolase (SAHH), methionine synthase (MS), and SAM synthetase (SAMS) . Giovanelli et al. (1985) showed that the synthesis of SAM is a major pathway involved in methionine metabolism in Lemna paucicostata, and we had previously suggested that the synthesized SAM is consumed mainly during betaine synthesis as a methyl group donor in the leaves of the chenopod Atriplex nummularia (Tabuchi et al. 2005) . Therefore, it may be assumed that the methionine synthesized in B. vulgaris leaves may be used primarily as a methyl donor for betaine synthesis.
Transcripts for (or specific activities of) these betainerelated enzymes, with the exception of MS, are reported to be upregulated by salt stress in chenopod leaves (McCue and Hanson 1992; Russell et al. 1998; Rontein et al. 2001; Weretilnyk et al. 2001; Tabuchi et al. 2005) . We previously reported that the regulation pattern of CMO transcripts resembles that of PEAMT and SAMSs in A. nummularia leaves under salt stress, after relief from salt stress and on a diurnal rhythm (Tabuchi et al. 2005) . In order to further examine the co-regulation of betaine-related genes in chenopods, we compared the Plant Biotechnology 23, 317-320 (2006) Transcriptional response of glycinebetaine-related genes to salt stress and light in leaf beet patterns of transcript expression in a broader range of betaine-related genes in B. vulgaris, which is one of the most important agricultural chenopod species. The transcript levels for many betaine-related genes in leaf beet increased under salt stress in the presence of light and showed a relative reduction in darkness, and many genes showed a similar pattern of transcript expression. Seeds of leaf beet (Beta vulgaris L. var cicla, cv. shirogukifudanna) were purchased from Takii Shubyo (Kyoto, Japan). These were germinated on wetted vermiculite for one week, and the seedlings were grown hydroponically (Tabuchi et al. 2003) at 22°C under continuous light (100 mmol m Ϫ2 s
Ϫ1
) from fluorescent tubes (FPL55EX-N, Matsushita Electric Co., Osaka, Japan) in a growth chamber. The 19-day-old plants were used for salt treatments. For diurnal rhythm experiments, the one-week-old seedlings of leaf beet were transferred onto new vermiculite and grown in the nutrient solution under the condition of 16 h light/8 h darkness at 25°C. The leaves obtained from the 22-day-old plants were used as samples.
Leaf beet grown by hydroponic culture was salttreated by applying 200 mM NaCl to the nutrient solutions for one day. lTriplEx2 cDNA library was constructed from the poly(A) RNA of the leaves using a SMART cDNA Library Construction Kit (Clontech, Palo Alto, CA, U.S.A.) as described earlier (Tabuchi et al. 2005 ). The primary library contained 5ϫ10 5 plaqueforming units.
cDNAs for BADH and CMO genes of sugar beet were previously cloned (McCue and Hanson 1992; Russell et al. 1998) . We obtained the open reading frame (ORF) regions of cDNAs for BADH and CMO in leaf beet by PCR and named their nucleotide sequences BvBADH1 and BvCMO1, respectively. The full-length cDNA clone for BvCMO1 was obtained by library screening using the ORF fragment of the BvCMO1 cDNA as a probe. Additionally, we screened the cDNA library of leaf beet using the PEAMT gene of spinach (Nuccio et al. 2000) , metE gene of Catharanthus roseus (Eichel et al. 1995) , SAHH1 gene of Arabidopsis (Rocha et al. 2005) , and AtSDC gene of Arabidopsis (Rontein et al. 2001 ) as probes; obtained the corresponding cDNA clones; and named them BvPEAMT1, BvMS1, BvSAHH1, and BvSDC1, respectively. The cDNA library was also screened using the AnSAMS1 gene of A. nummularia (Tabuchi et al. 2005) , and two types of cDNA clones were obtained. These genes were named BvSAMS1 and BvSAMS2. The obtained clones are listed in Table 1. RNA gel blot hybridization was performed as described earlier (Tabuchi et al. 2005) . The ORF fragment of the cDNA clone corresponding to BvBADH1, and the cDNA fragments of the 3Ј untranslated region (UTR) corresponding to the other betaine-related genes were amplified by PCR and then used as templates for probe synthesis. Their sequences corresponded to that of the nucleotides from ϩ1 to ϩ1503 (BvBADH1), from ϩ1382 to ϩ1770 (BvCMO1), from ϩ1752 to ϩ2030 (BvPEAMT1), from ϩ1320 to ϩ1720 (BvSAMS1), from ϩ1246 to ϩ1570 (BvSAMS2), from ϩ2431 to ϩ2720 of BvMS1, from ϩ1579 to ϩ1900 (BvSAHH1), and from ϩ1616 to ϩ1970 (BvSDC1).
We examined the transcript expression of the betainerelated genes in the leaf under salt stress in light and dark conditions ( Figure 1A ). The plant samples for this experiment were grown under continuous light until the salinity treatments. The levels of mRNAs for BvBADH1, BvCMO1, BvPEAMT1, BvSAMS1, BvMS1, and BvSAHH1 hardly increased at 3 h under 100 mM salt stress and began to increase at 6 h under 100 mM or 3 h under 200 mM salt stress in light conditions. In the dark, the levels of mRNA for these genes gradually decreased for 24 h, and increased under 200 mM salt treatment, but the induction by salt was lower in the dark than in the light. The transcript level for BvSDC1 began to increase at 3 h of salt stress. In the dark, the transcript level of BvSDC1 was not suppressed and was induced gradually under 200 mM salt stress. The level of mRNA for BvSAMS2 decreased at 3 h and 6 h under salt stress in light conditions. In the dark, the transcript level of BvSAMS2 decreased gradually and was not induced under 200 mM salt stress.
We also examined the daily regulation patterns of the transcript levels for these genes under conditions of 16 h light/8 h darkness in the leaf ( Figure 1B) . The transcript levels for BvCMO1, BvPEAMT1, BvSAMS1, and BvSDC1 peaked at 2 h after the samples were exposed to light conditions and decreased gradually thereafter. Further, the transcript levels for the other genes peaked after the samples were exposed to light, but the peaks were obtained later than those of the above mentioned four genes at 3 h to 6 h, and then the levels decreased gradually. The peaks of the transcript levels for the genes that we investigated were not detected when the sample was exposed to the dark conditions. This result indicates that the diurnal rhythms of the transcript levels were regulated by the ambient light condition. Transcript regulation patterns of BvCMO1, BvPEAMT1, and BvSAMS1 under salt stress and on a diurnal rhythm were similar to each other ( Figures 1A,  B) as those of AnCMO, AnPEAMT, and AnSAMS1 in A. nummularia (Tabuchi et al. 2005) . Moreover, the transcript expression of BvBADH1, BvMS1, and BvSAHH1 was also regulated in a manner similar to that of BvCMO1, BvPEAMT1, and BvSAMS1 ( Figures   1A, B) . Betaine aldehyde is a toxic metabolite (Rathinasabapathi et al. 1994 ) and choline, methionine, and SAM are consumed not only for betaine synthesis but also for synthesis of other metabolites (Giovanelli et al. 1985) ; moreover, superfluous SAH concentrations inhibit various methyltransferase activities including PEAMT activity (Smith et al. 2000; Moffatt and Weretilnyk 2001) . Therefore, substantial changes in the pool sizes of these substances may have negative effects on the plant cell. Leaf beet may co-regulate the transcript levels of the genes in order to maintain the specific pool sizes of the metabolites as previously discussed in the case of AnCMO, AnPEAMT, and AnSAMS1 in A. nummularia (Tabuchi et al. 2005) . Moreover, the coregulation would accelerate accumulation of betaine under salt stress since the supply of the substrates for these gene products would be more than that under normal conditions.
PEAMT activity in spinach is also upregulated by salt stress in the light but not in dark conditions (Weretilnyk et al. 1995) similar to the case of these six betainerelated genes in leaf beet ( Figures 1A, B) . Since CMO requires reduced ferredoxin as the electron donor that is produced by photosynthesis in the leaf (Brouquisse et al. 1989) , the transcript regulations of the betaine-related genes are probably dependent on light similar to the PEAMT activity in spinach as discussed by Weretilnyk et al. (1995) .
In barley leaves, protein expression for MS is also seemed to be regulated for betaine synthesis, and this regulation is similar to that of BADH under salt stress (Narita et al. 2004 ). Therefore, betaine-related genes could be co-regulated not only in leaf beet and A. nummularia but also in other plants.
The transcript expression of many stress-inducible genes in Arabidopsis is regulated by the transcription factor DREB/CBFs (Fowler and Thomashow 2002; Maruyama et al. 2004) . The transcript levels of the downstream genes of DREB1A have been suggested to increase similarly under cold stress (Maruyama et al. 2004) . Since the transcript levels of many betaine-related genes in leaf beet ( Figures 1A, B) and A. nummularia (Tabuchi et al. 2005) were also regulated similarly under salt stress and ambient light conditions, some of the betaine-related genes are likely to be regulated by one transcription factor. Because the BvSDC1 transcript was induced earlier than those of other betaine-related genes under 100 mM salt stress and not suppressed at 24 h of salt stress in the dark ( Figure 1A) , the regulation system of BvSDC1 mRNA may be different from those of other betaine-related genes under salt stress. 
